Intensive electromagnetic pulses (EMPs) can be generated when a high-power laser strikes a target. The transient electromagnetic field can have an intensity of up to several hundred kV m −1 with a broad frequency of up to several gigahertz, which may affect diagnostics and interfere with, or even damage, electronic equipment. In this paper, the process in which hot electrons produced by the laser−target interaction radiate EMPs is studied and simulated. The physical process is divided into three stages which are: the production of hot electrons; the escape of hot electrons; and the generation of EMPs. Instead of using a general finite difference time domain (FDTD) method to solve the Maxwell equations, a particle-in-cell method together with a timebiased FDTD method is applied in EMP simulation to restrain high-frequency noise. The results show that EMPs are stronger with higher laser intensity and larger target size.
Simulation of electromagnetic pulses generated by escaped electrons in a highpower laser chamber 1 
. Introduction
The interaction of high-energy and high-power lasers with targets produces not only hot electrons [1] and accelerated ions [2, 3] , but also a complex radiation environment including x-ray emission [4] , THz emission [5] and radiofrequency radiation [6] [7] [8] . Among these effects, the transient intensive electromagnetic pulses (EMPs) in the radio-to microwave-frequency range are the EMPs to which electronic equipment is vulnerable. The electromagnetic environment created in the chamber of a high-power laser facility mainly contains system-generated EMPs (SGEMPs) generated by photoelectrons produced when x-rays irradiate metal shells or cables, and EMPs related to the hot electrons generated by laser−plasma interactions, as shown in figure 1. Xu et al have studied SGEMPs in the ShenGuang II (SG-II) facility [9, 10] . This paper is concerned with EMPs related to hot electrons.
A burst of electromagnetic energy can easily affect diagnostics and interfere with, or even damage, electronic equipment [11, 12] . For example, EMPs at the Titan PW-class laser facility have an intensity higher than 100 kV m −1 , duration of up to 100 ns and a broad frequency in the MHz−GHz range [13] . With the development of high-power laser facilities (ShenGuang III (SG-III), National Ignition Facility (NIF), the Laser Megajoule (LMJ)/ the PETawatt Aquitaine Laser (PETAL), etc), the challenges of EMPs become even more serious. Researchers have been trying to reveal the characteristics and mechanisms of EMPs for effective shielding and to gain better physical insight into laser plasma. It was found that EMPs in a short pulse laser have a higher intensity, as well as a wider bandwidth, than those in long pulse lasers [13, 14] . Experiments showed that EMPs are associated with the size and the material of the target [15, 16] , the geometry of the chamber [17, 18] and the conditions of the laser [19] .
The mechanisms of EMP generation in laser facilities have so far remained unclear. However, it is widely accepted that escaped electrons, which are the hot electrons that escape the target, play an important role [20] . Researchers at Lawrence Livermore National Laboratory (LLNL) measured EMPs and electrons which had escaped the target in both NIF and Titan. The specified energy and the spatial distribution of escaped electrons obtained from measurements are used as input for the 3D electromagnetic code, EMSolve, to model EMP generation when these electrons flow inside the chamber and hit the metal wall. The simulation results are comparable with measurement data, which indicates that escaped electrons are the dominant source of EMPs [13, 19, 20] . Mead et al observed EMPs at fundamental chamber resonances in Vulcan, and proposed that an EMP is produced by escaped electrons which strike the chamber wall exciting cavity resonance [21] . The research team at the French Atomic Energy Commission CEA established the target charging model describing the source of EMPs as the neutralization-currents flowing through the target holder induced by escaped electrons [22] . Cikhardt et al performed measurements of EMPs and the neutralization-currents in the sub-ns kJ-class laser facility and validated that neutralizationcurrents radiate significant EMPs [23, 24] . P Raczka et al further advance Dubios's research on the neutralization-currents and EMPs. They extend experiments for thick targets to thin targets, and find that the EMP is stronger for the thin than the thick [25] . Cui Meng et al developed measurement systems based on conductive probes (B-dot and D-dot) to characterize EMPs in the SG-II and SG-III facilities in the People's Republic of China, and studied the EMP dependence on the laser intensity and the target size [26] . Recently, Robinson et al developed time-resolved electro−optic probes with high inherent noiseimmunity to characterize EMPs [27, 28] . The spectrum of EMPs detected in Vulcan by electro−optic probes [27] is in agreement with the studies of Mead et al [21] , while the magnitudes of EMPs detected in the nanosecond laser facility [28] are much higher (on the order of hundreds of kV m ) [14] . The generation of EMPs in laser−target interaction is a complex multi-physics and multi-scale process. In this paper, numerical simulation of the process is investigated. The whole process is divided into three stages for analysis and simulation. First, hot electrons generated in the interaction of a laser pulse with a target are calculated using the particle-incell (PIC) method. Then, hot electrons diffuse and collide on the target surface, some of which are ejected from the target. Finally, EMPs radiated by the electrons that escape the target and flow in the vacuum chamber are simulated using the PIC method together with the time-biased finite difference time domain (FDTD) method to solve Maxwell equations.
Physical model
The generation of EMPs involves many complicated physical mechanisms and has not yet been clearly understood. It is suggested that transient current formed of escaped electrons [13, 14, 19] or target polarization [22, 29] could be important EMP contributions. Furthermore, the time scales of the physical processes involved in EMP generation range from fs to ns level, and the spatial scale ranges from the magnitude of μm to m. Thus, simulating the whole process is difficult to achieve.
In this paper, EMPs related to electron emission is studied. Considering the main physical effects, the whole process is divided into three stages for analysis; the physical model is illustrated in figure 2 . The first stage is laser−plasma interaction. Electrons in the plasma are accelerated by absorbing the energy of the laser pulse. The second stage is the ejection of hot electrons from the target, which continues long after the laser ends. The hot electrons produced in the laser focal spot expand in all directions, and some are ejected from the target into the vacuum. The separation of positive charge and negative charge forms a strong electrostatic field on the target surface restricting further emission of electrons. The majority of electrons ejected from the target are decelerated and then accelerated in reverse back to the target under the electrostatic field. Only a small proportion of the electrons are energetic enough to overcome the potential barrier, escape from the target and propagate to the chamber; these will be called escaped electrons. The third stage is the EMP radiation. The escaped electrons flow in the vacuum chamber and strike the chamber wall inducing a large transient current and giant EMP. The simulations are based on this physical model, divided into three steps as shown in figure 3.
Numerical simulation

Simulation of hot electrons
When a laser pulse interacts with a plasma, electrons are accelerated by the intense electromagnetic field. The acceleration mechanisms of hot electrons mainly include inverse bremsstrahlung absorption, vacuum heating, resonance absorption and ponderomotive acceleration [30] [31] [32] . There is an empirical formula (1), which comes from Beg's law and ponderomotive acceleration, estimating the dependence of the hot electron's energy on laser parameters [22] .
where m e , c and a denote the electron mass, the speed of light and the dimensionless laser vector potential respectively. The definition of a is l =´-a I 0.85 10 9 0.5 where λ and I represent the laser wavelength in μm and the laser intensity in W cm −2 . In this section, laser−plasma interaction generating hot electrons is simulated with a 2D PIC code. The physical model established in Cartesian coordinates is shown in figure 4 . The simulation domain is a rectangle of dimensions a×b. A laser pulse is vertically incident from the left side of the simulation box, propagating in the vacuum and then through the plasma. The laser pulse is P-polarized with the electric field parallel to the y axis. The calculation condition here is to set the same values as in [22] : the laser pulse has wavelength 800 nm, intensity 2×10 18 W cm −2 , duration at half maximum 50 fs, and spot size diameter at half maximum 8 μm. The laser intensity presents a Gaussian-shaped profile along the y axis as well as in the time domain. The simulation box is a rectangle of 30 μm×30 μm. The plasma density profile along the x axis is an exponential profile between 4 μm and 25 μm, increasing from 0.006n c to 2.86n c , and a plateau between 25 μm and 30 μm at the density 2.86n c . n c refers to the plasma density when the plasma frequency is equal to the laser frequency. The boundary conditions for the fields are periodic at the horizontal boundaries, Lindman absorbing at the left boundary where the laser is incident, and perfect conductor at the right boundary. The boundary conditions for the particles are periodic at the horizontal boundaries and thermally reinjected at the right boundary.
The simulation results show that the maximum energy of hot electrons is about 5 MeV. The energy distribution of hot electrons, shown in figure 5 , is approximately a Maxwell distribution with the effective temperature 236 keV, which is in agreement with the results of [22] .
Calculation of escaped electrons
Using the characteristics of the hot electrons obtained from PIC simulation as input, Dubios et al conducted detailed numerical simulations of the target charging process using Monte Carlo and PIC code [22] . Poye et al established a simplified quasi-analytical model providing an effective way to estimate the escaped electrons for short laser pulses [29, 33] . The model is validated for the case of a thick solid target irradiated by a laser pulse of fs−ps duration, and we apply Poye's model for calculation.
The dynamic process is modeled and analyzed through the coupling of hot electrons, the potential barrier and escaped electrons. The following main effects are taken into account: (1) a hot electron cloud at the target surface is produced by laser heating; (2) hot electrons expand in all directions and cool down through collisions with bulk electrons; (3) electrons which propagate outward and have higher energy than the potential barrier exit from the target, leading to a decline in the number, and energy, of hot electrons in the cloud, and to a positively charged target. The potential barrier is determined by the thermal potential (which is created by the charge separation on the target surface), and the electrostatic potential (which is generated by the positive charge at the target surface). The scheme of Poye's model is displayed in figure 6 .
The laser and target parameters and energy distribution of hot electrons from part 3.1 are taken as input into Poye's model to calculate the target charging process. The average energies over time of the potential barrier and of the escaped electrons are obtained, as shown in figure 7 . At early times, the potential barrier is above 1 MeV, which is much higher than the 236 keV average energy of the hot electrons. As a result, only the most energetic electrons propagating in the correct direction can get away from the target completely. With the ejection of energetic electrons, the number of hot electrons decreases and the temperature goes down, resulting in the reduction of the potential barrier. The total ejection charge calculated is 13 nC, that is, about 8.5×10
10 electrons fully escape from the target.
Simulation of EMPs radiated by escaped electrons
It is widely accepted that escaped electrons are the main source of EMPs. Analytical and experimental results have demonstrated that the movement of the electrons in the target chamber, and the transient current induced by electrons hitting the target wall, contribute to EMP generation [13, 14, 19] . In this section, given the number and the energy of escaped electrons obtained from section 3.2, EMPs associated with electron emission are simulated. EMPIC-2D, which is a 2D PIC code for EMP calculation, is developed for the simulation. figure 8 . The target chamber is a cylinder cavity with a diameter of 2 m and a height of 2 m. The target is located in the center of the chamber. The escaped electrons are ejected from a cylindrical region (the orange zone) in the target center which is 10 mm in diameter and 2 mm in height. The energy, spatial and temporal distributions of escaped electrons are determined by the laser−target conditions. However, due to the limitation of Poye's model and the lack of experimental data, we only have the total number and the average energy of the escaped electrons. Therefore, we need to make some assumptions about escaped electrons in order to simplify our calculations. Assume that electrons are emitted in a single direction perpendicular to the target surface. The temporal distribution is assumed to be Gaussian. The energy of escaped electrons is taken to be the average of the difference between the escaping electrons and the potential barrier. The numerical simulation is conducted in a 2D cylindrical coordinate system.
Time-biased FDTD algorithm.
The PIC method is used for simulation, together with the FDTD method to solve the Maxwell equations. The idea of the PIC method is that given the initial velocity and position of a large number of charged particles, the charge density and current density can be derived. Then, the electromagnetic field is calculated by solving the Maxwell equations. Next, the motion equation of the particles can be established and solved to update the velocity and position of the particles. Through the iteration of these steps, the movement of numerous particles can be tracked [34] . The FDTD algorithm is usually applied in the PIC method to discretize the Maxwell equations in the time domain e = + D ´-
where E, H and J represent the electric field intensity, magnetic field intensity and the current density, Δt is a time step and the superscript n represents time nΔt. ] ε is the dielectric coefficient in the unit of F/m and μ is the magnetic permeability in the unit of H/m. However, high-frequency noise is found to be a problem when we simulate EMP generation using the FDTD−PIC method. This is because the distribution of the charge density and the current density are dispersed to grid nodes in PIC, which can be discontinuous, with non-physical high-speed jumps for relativistic particles. Through iterative computation, the high-speed jump components are introduced to the electromagnetic field and become non-negligible, resulting in high-frequency noise. The time-biased FDTD method is applied to restrain high-frequency noise [35] .
In the time-biased FDTD method, the time terms of the electromagnetic field are increased to enhance immunity. The
can be used to calculate the E field at time
. Meanwhile, a low relaxation iteration is applied for filtering. The difference formulas of the Maxwell equations are expressed as:
where the superscript (n, l) represents a value at time nΔt with an iteration count of l. a a a ( ) , , and The electromagnetic field generated by 10 12 ejected electrons with energy 500 keV is calculated using the general FDTD−PIC method and the time-biased FDTD−PIC method respectively. The frequency spectra of the axial electric field E z at the sample point are shown in figure 9 . The frequency spectrum obtained with the general FDTD algorithm is completely covered by high-frequency noise. In contrast, the main frequency range obtained by the time-biased algorithm is between 100 MHz and 5 GHz, which is consistent with actual observations. The results show that the time-biased FDTD method can reduce the high-frequency noise and fixedfrequency disturbance effectively. Figure 11 . Dependence of peak electric field as a function of laser intensity. MHz to 1 GHz. These results are consistent with the measurement results in [22, 23] .
Results and analysis
Section 3 illustrates the whole process and method for EMP calculation, based on the effects on EMPs of different physical parameters which can be explored for further understanding. In this section, physical parameters such as the laser intensity and the target size are varied, and the effects on EMP results are discussed.
Effects of laser intensity
Equation ( . The energy of the hot electrons, and the total number and average energy of the escaped electrons are shown in table 1. As the laser intensity increases, the temperature of the hot electrons rises while the total number grows. Thus the escaped electrons have greater energy, and are greater in number, if laser intensity is higher. The intensity of the electric field is found to increase as the laser intensity increases, as seen in figure 11 . With a larger quantity of emitted electrons, the spatial current is greater, which radiates a stronger electromagnetic field. The EMP dependence on the laser intensity is also supported by our measurements in the SG-III facility based on conductive probes (B-dot and D-dot). The magnetic fields measured for 3 ns laser pulses with energy 68 kJ and 72 kJ are 5.9 A m −1 and 6.5 A m −1 respectively.
Effect of laser duration
With the laser energy constant, laser duration was changed to analyze the influence on hot electrons and EMPs. The dependence of hot electrons' energy on the laser duration is shown in figure 12 . It is shown that the longer the laser duration, the lower the energy of the hot electrons. The laser intensity, which has a significant effect on the hot electrons, is inversely proportional to the pulse width when the laser energy is constant. Therefore, we added another group for comparison. The comparison group has the same value of laser intensity as the original group while the pulse width remains 50 fs. There is little difference between the results of the two groups. It can be concluded that the energy of the hot electrons is primarily associated with laser intensity; the laser duration has a relatively small effect on the hot electrons, which is in agreement with the empirical formula (1).
The results calculated when keeping the target size at 1 mm and the laser energy at 100 mJ, and changing the pulse width, are listed in table 2. In addition, the relationship between the peak magnitude of the EMP and the laser duration is shown in figure 13 . When the laser duration is increased, the laser intensity is reduced and the energy of the hot electrons decreases, leading to associated decreases in the energy and number of escaped electrons and weakening of the EMP intensity.
Effect of target size
Numerous experiments have found that the target size significantly affects EMPs. Under the same experimental conditions, the larger the target, the stronger the EMP. Possible reasons are that when the target is smaller, the electrostatic potential generated by surface charge is larger, and more electrons are restricted to the target. Brown et al measured the electric field for targets with different radii in the Titan facility [19] . We conducted a simulation using the same parameters (laser energy 200 J, duration 20 ps, wavelength 1050 nm, focal radius 10 μm) and aluminum targets with diameters from 0.1 mm to 10 mm. The corresponding signals obtained from the simulations are shown in table 3, and the relationship Figure 13 . Peak electric field as a function of the laser duration. between the peak value of the EMP electric field and the target diameter is shown in figure 14 . The simulation results are consistent with the Titan measurements in the order of magnitude. Taking into account that our computational model is a simplified 2D cylindrical model with a diameter of 2 m, the overall agreement is reasonable [19] .
Conclusion
The EMP poses a challenge for electromagnetic protection in laser facilities. In this paper, the physical processes of hot electron generation and intense EMP excitation were studied through numerical simulation. The time-biased FDTD method is applied to resolve high-frequency noise.
The simulation results showed that after high-power laser targeting, the movement of the escaped electrons in the target chamber can excite a strong electromagnetic field with frequencies as high as in the GHz range, demonstrating that the emission of escaped electrons is an important source of EMPs. The effects of physical parameters on EMP generation were also studied. The higher the laser intensity, the stronger the generated EMP. The effects of changing the target size were discussed and verified. As the target size becomes larger, the corresponding EMP becomes stronger, which is consistent with experiments. The results show that as higher-power lasers are utilized, the EMP grows in intensity. The study of EMPs provides ideas for EMP protection in laser facilities. For example, it is suggested that an electron collection device could be set up around the target to prevent ejected electrons from further flowing and thus reduce EMPs. Using a smaller target can also reduce EMP intensity to an extent.
There are still many defects which need to be modified and improved in future research. Poye's model was applied for the calculation of escaped electrons, which is not precise enough, and not suitable, for long pulse lasers. The input information of escaped electrons should be more detailed, which includes the energy distribution, spatial distribution, temporal profile and so on.
